The DNA polymerases of the following eukaryotic tissues were studied: regenerating rat liver, normal rat liver, rat thymus, normal mouse liver and Ehrlich ascites-tumour cells. In all cases two main polymerase forms are observed, one of mol.wt. 200 000, preferring denatured DNA to native calf thymus DNA primer, designated type I, and the other, designated type II, of mol.wt. 100000, showing a variable and slight preference for native calf thymus DNA primer. Some catalytic properties of these polymerases are described. Nuclei have been isolated from some of these tissues by using two different buffer systems. The ionic composition of the isolation medium is found to affect greatly the amounts and types of polymerase that bind to the nuclei, and also affects the kinetic properties of the polymerases. The way the polymerases and nuclei change properties as the ionic composition of the buffers is changed suggests that ionic effects may be a significant factor in the control of DNA synthesis in vivo. These ionic effects also explain much of the previous confusion over the localization of specific DNA polymerases.
The enzyme responsible for DNA synthesis by isolated nuclei is, depending on the preparation procedure, usually a member of that class of mammalian DNA polymerases that prefers native DNA (Mantsavinos & Munson, 1966; Bellair, 1968;  Iwamura, Ono & Morris, 1968; Meyer & Simpson, 1968; Ove, Lazlo, Jenkins & Morris, 1969a; Greene & Korn, 1970) . This enzyme(s) is a constituent of chromatin in various cells (Patel, Howk & Wang, 1967; Howk & Wang, 1970) .
However, mammalian cells contain a further class of DNA polymerase, which is distinguished from the above class by its molecular weight and its primer requirements (Bollum; 1960;  Keir, 1962; Smellie, 1963; Gold & Helleiner, 1964; Furlong & Williams, 1965; Calvin, Kosto & Williams-Ashman, 1967; Iwamura et al. 1968; Ove et al. 1969a ; Ove, Brown & Lazlo, 1969b; Roychoudhury & Bloch, 1969a,b; Chiu & Sung, 1970; Ove, Jenkins & Lazlo, 1970) . This enzyme has a higher molecular weight (determined by Sephadex chromatography) than the DNA polymerase that prefers native DNA (Iwamura et al. 1968; Ove et al. 1969a,b) , and usually shows a strong preference for denatured DNA. The denatured-DNA-preferring DNA polymerase(s) is generally found in highest concentration in tissues undergoing rapid cell division, such as tumours and developing tissues (Iwamura et al. 1968; O'Neill & Strohman, 1969; Chiu & Sung, 1970) , and in rat liver the enzyme activity has been reported to increase during liver regeneration (Iwamura et al. 1968) . Our results agree with these findings.
The correlation between the elevation of DNA polymerase activity and the metabolic state of the cell is not a simple one, and in fact th0 peak activities of denatured-DNA-preferring polymerase in regenerating rat liver occur well after the period of maximum DNA synthesis (Ove et al. 1970) . Moreover, this DNA polymerase has generally been observed in the soluble fraction rather than in the nuclei. Bazill & Philpot (1963) and O'Neill & Strohman (1970) have noted that only a small percentage of the total cell DNA polymerase remains associated with isolated nuclei, although Main & Cole (1964) found that the presence of Ca2+ in the isolation medium increases the amnount of enzyme bound to rat thymus nuclei. However, there is some evidence that DNA polymerase becomes particulate and migrates from the cytoplasm to the nucleus (Loeb & Fansler, 1970 ) during active DNA synthesis in L-cells (Littlefield, In the present paper we examine some of the factors that influence the partition of the DNA polymerases between the nuclear phase and free solution.
EXPERIMENTAL Chemical&. [a-32P]dTTP (1Ci/mmol at date of synthesis) was prepared as described by Symons (1969) . ATP, dATP, dCTP, dGTP, dTTP, Ficoll and 
RESULTS

Rat liver
Two form8 of DNA polymerase. Separation of DNA polymerase activity on Sephadex G-200 columns and by ammonium sulphate fractionation indicated that two polymerases were present in both normal and regenerating rat liver, although in different proportions (Figs. la and lb) . The two polymerases could be distinguished by their molecular weights and by their preference for primer DNA. The denatured-DNA-preferring polymerase (designated type I) was eluted with the protein front on Sephadex G-200, indicating a molecular weight at or above 200000. From calibration of the Sephadex G-200 column with marker proteins, the molecular weights of the native-DNApreferring polymerase (designated type II) was estimated to be approx. 100000. Ove et al. (1969b) were followed. Fractions (5ml) were collected, and 5OpJ samples were assayed at 37°C for 30min, with either native or denatured DNA primer. Over 90% of the protein loaded was recovered from the column and most was eluted soon after the void volume. A, Activity with native DNA primer; *, activity with denatured DNA primer. When tissues were extracted with buffer A instead of by the above procedure virtually the same results were obtained.
1971
A similar separation of the two types of polymerase could be achieved by ammonium sulphate fractionation ofextracts from normal and regenerating rat livers (Figs. 2a and 2b) . The type I polymerase activity appeared in the 30-40%-satd. ammonium sulphate fraction and the type II polymerase was in the 60-70%-satd. ammonium sulphate fraction. This procedure gave an approximately 200-fold purification of type II polymerase (Table 1 ). The polymerase activity in the 30-40%-satd. ammonium sulphate fraction of regenerating liver could be further purified by treatment with calcium phosphate gel to give an approximately 300-fold purification of type I polymerase (Table  1) . Sucrose-density-gradient centrifugation of the purified type I and type II polymerases with molecular-weight marker proteins confirmed that their molecular weights were approx. 200000 and 100 000 respectively.
Influence of the isolation medium on the association of polymerases with nuclei in vitro. Nuclei were isolated by two main procedures with variations as stated in the text. In the first procedure buffer A was used (Burgoyne et al. 1970 ) and in the second buffer D was used (see the Experimental section). Buffer D was chosen to give an isolation medium of lower ionic strength and the lowest concentrations of polyamine stabilizers that would still permit preparation and handling of liver Saturation of ammonium sulphate (%) Fig. 2 . Ammonium sulphate fractionation of extracts of (a) normal rat liver and (b) 40h-regenerating rat liver. The ammonium sulphate precipitates were resuspended and dialysed against buffer A. DNA polymerase assays were carried out at 37°C for 20min with either native or denatured DNA primer. A, Activity with native DNA primer; e, activity with denatured DNA primer. Tissue homogenization and fractionation was carried out in the buffer A system as described in the Experimental section. DNA polymerase assays were at 370C for 30min. Native calf thymus DNA was dissolved in buffer A. Denatured and activated primer were prepared as described by Aposhian & Kornberg (1962 nuclei. The 15% Ficoll in the buffer D system increased the mechanical stability of the nuclei, and was particularly important when buffer D had potassium chloride added to it. In both procedures chelating agents were used to bind the Ca2+ and Mg2+, which are required for endonuclease cleavage and thus activation of the nuclear DNA (Burgoyne et al. 1970) .
The nuclei were assayed for the amount of unstimulated DNA synthesis, the activities of polymerases I and II, and the amount of the Ca2+_ dependent activation.
Freshly isolated nuclei from resting or regenerating liver were extremely primer-limited, as their net potential polymerase activity, measured with added primer, was always much higher than their unstimulated activity (Table 2 ). Although nuclei prepared by the buffer A procedure were markedly stimulated by Ca2+, as previously reported (Burgoyne et al. 1970; Waqar et al. 1971) , nuclei prepared by the buffer D procedure were only weakly stimulated by Ca2+, but stimulation could be restored by the addition of a mouse nuclear endonuclease (D. R. Hewish & L. A. Burgoyne, unpublished work).
Nuclei prepared by the buffer A procedure from resting or regenerating liver reacted with added primer like the free polymerase II, i.e. they showed a slight preference for native rather than denatured DNA, or were indifferent. Mor'aover, when the polymerase was extracted from these nuclei, and chromatographed on Sephadex G-200, or when these nuclei were centrifuged through a saline gradient (Fig. 3) , only one peak of polymerase activity was detected, and this had the molecular weight and catalytic properties of polymerase II. The study of the affinity ofpolymerase II for the nuclear material posed a slight technical problem as extraction of nuclei with strong salt solutions results in an intractable gel. Consequently the extraction was carried out by centrifuging the lysing nuclei through saline gradients as shown in Fig. 3. Significant amounts of polymerase I were found in regenerating liver tissue, but distribution studies of the two polymerases in the buffer A system indicated that under these conditions, although some polymerase II stayed associated with the nucleus, no polymerase I stayed associated with the nucleus (Table 3) .
However, in nuclei prepared from regenerating liver by the buffer D procedure, an appreciable proportion of the polymerase I was also bound to the nuclei (Table 2 ). It could be assayed in 8itu with added primers or detached by washing the nuclei with buffer A (Table 2 ). Thus it appeared that the major factor determining whether or not appreciable amounts of polymerase I would stay associated with the nucleus was the ionic composition of the buffer. This was further illustrated by preparing nuclei in buffer D and washing separate samples of the nuclear suspension in buffer D containing additional potassium chloride, and then measuring the amount of polymerase I that was detached. Buffer D alone did not give maximum affinity between nucleus and polymerase I, as maximum affinity appeared to occur at a net potassium chloride concentration of 0.08M. A net concentration of potassium chloride that gave negligible affinity was 0.22M (Fig. 4) .
The differences between buffer A and buffer D are not simply due to ionic strength but rather to a multifactorial interaction between all the buffer components. However, many of the important differences between buffer A and buffer D can be reproduced by varying the ionic strength.
Different affinitise of the DNA polymera8e8 for DNA. Studies were carried out with the two types of purified polymerase to determine their activity and affinity for native, denatured and activated calf thymus DNA, and also to determine whether this was influenced by the ionic composition of the medium. The apparent Km and Vmax. values are shown in Table 4 . Although polymerases I and II have been classified by their preference for de- values because of the difficulty of specifying the nicks, the essential conclusion from these results was that the change in ionic composition from buffer D to buffer A greatly altered the affinity of polymerase I for nicked DNA but had no effect on the affinity of polymerase II. This change in the affinity of polymerase I for activated DNA could also be brought about by increasing the concentration of potassium chloride in buffer D (Table 4) . With respect to the Vmax. values, polymerase I was more active in buffer D, whereas polymerase II had higher activity in buffer A. Similar changes in activity were also obtained by changing the salt concentration of buffer D (Table 4) .
Thus, under ionic conditions similar to those in buffer D, polymerase I could be expected to compete with polymerase II for nicks in the nuclear DNA, and would have a tenfold higher activity than polymerase II under these conditions. However, if the ionic conditions were changed and became similar to those of buffer A, polymerase I would no longer be able to compete with polymerase II successfully. The studies with nuclei would suggest Table 3 . DNA polymerase activity in nuclear and soluble fractions from normal and 24h-regenerating rat liver Livers were homogenized in 0.34M-sucrose-buffer A and filtered through muslin. The homogenate was layered over 1.72m-sucrose-buffer A and centrifuged for 30min at 50000g. There fractions could be distinguished: an upper soluble fraction, a 'mitochondrial layer' on top of the dense sucrose layer (this would also contain any unbroken celLs and a few trapped nuciei), and a nuclear pellet at the bottom of the tube. The nuclei were dispersed in 0.34M-sucrose-buffer A. DNA polymerase assays were carried out at 370C for 10 min. DNA primer was added at a final concentration of 1 mg/ml. Results are expressed as total polymerase activity per fraction derived from 1 g wet wt. of original tissue.
DNA polymerase activity that, in parallel with these events, polymerase I might be expected to be released from the nuclei.
Some comparative studies with other tissue Rat thymus. Similar studies to those described above were carried out with rat thymus. However, the rat thymus nuclei tended to lyse in buffer D, so they could not be studied quite as readily. The results obtained with rat thymus were essentially similar to those obtained with regenerating liver. Sephadex G-200 chromatography of the whole tissue indicated high polymerase I activity and low polymerase II activity, but only polymerase II was found in nuclei prepared in buffer A (Table 5 ). The amount of polymerase II in the nuclear fraction was increased in the presence of Ca2+, but polymerase I remained in the soluble fraction (Table  6 ). Nucleoprotein prepared in buffer D systams with the net concentration of potassium chloride raised to 0.08m contained more polymerase I than polymerase II and gave less Ca2+ stimulation than nuclei prepared in buffer A (Table 5) .
Resting moue liver and ascites-tumour cells. Young and adult mouse liver were shown by Sephadex G-200 chromatography to contain both type I and type II polymerases, with a preponderance of type I, although nuclei prepared in a Ca2+-free buffer A system contained virtually no DNA polymerase of either type. The nuclei did, however, contain the Ca2+-dependent endoniiclease (D. R. Hewish & L. A. Burgoyne, unpublished work) and in the presence of Ca2+ the nuclei would act as primer for polymerase I that had been obtained from ascites-tumour cells. With mouse nuclei the presence of Ca2+ and Mg2+ in the buffer A isolation medium resulted in some DNA polymerase activity being weakly bound, possibly to the nicks in the primary DNA structure produced by the Ca2+-dependent endonuclease, but it was bound in variable amounts and was progressively lost from the nuclei during preparation and washing.
Ehrlich ascites cells also contained both type I and type II polymerases, with the type I polymerase being the major species observed in the Sephadex G-200 fractionation, the cells resembling regenerating rat liver in this respect. Despite repeated attempts we have not been able to obtain satisfactory nuclear preparations from Ehrlich ascites cells without extensively modifying these procedures.
DISCUSSION
The aim of these studies has been to understand some of the factors controlling DNA synthesis in eukaryotic cells in vivo and the problem has been studied from a number of aspects. Two types of DNA polymerase exist in eukaryotic cells, and although these can be distinguished most easily by their preference for denatured or native DNA, the optimum substrate for both enzymes is nicked DNA. Polymerase I activity increases markedly during liver regeneration and is generally found to be high in cells with the ability to replicate, such as Ehrlich ascites cells or thymocytes, and this has led to the speculation that it may be the true replicative polymerase. Polymerase II seems more likely to be involved in some process characteristic of resting cells, because it is present in resting liver and regenerating liver in similar amounts. It also remains tightly bound to the nuclei under a variety of ionic conditions. Thus we tentatively suggest that the major function of polymerase II is in DNA repair.
If the initiation sites for DNA synthesis are regions with nicks, then polymerases I and II might be expected to compete with each other. The 52
1971 The concepts presented here are probably gross oversimplifications because the apparent Km values almost certainly do not simply measure the affinity of the enzyme for the nicks. Moreover, the enzymes used are not pure, and the presence of other proteins with affinity for DNA would be expected to affect both the Vmax and Km values. In addition, the natural substrate of these enzymes is nucleoprotein, not free nicked DNA. Despite these reservations, the general agreement between the kinetic studies and the nuclei-polymerase association studies makes us believe that these ionic effects may be important in nucleus-cytoplasm interactions.
Although these postulated ionic control mechanisms may explain some aspects of the control of DNA synthesis, a number of aspects of DNA synthesis are largely unexplained. One important question is posed by the almost complete lack of priming activity in the nuclei we obtained from regenerating liver. When prepared in buffer D systems these nuclei possess both polymerases and are very readily activated by added primer, so it would appear that the properties of the nuclear DNA are the limiting factor. Lynch, Brown, Umeda, Langreth & Lieberman (1970) and Hyodo Vol. 125 53 Table 6 . DNA polymera8e activity in nuclear and 8olublefractionsfrom rat thymu8
Nuclear and soluble fractions were prepared in buffer A, or buffer A-imM-CaC12-5mM-MgCl2 as described in Table 3 . DNA polymerase assays were at 370C for 10 min. DNA primer was added to a final concentration of 1 mg/ml. Results are expressed as total polymerase activity per fraction derived from 1 g wet wt. of tissue.
DNA polymerase activity Although there seem to be broad sinmilarities between the nuclei from rat thymus and rat liver there are definite differences in detail, e.g. rat thymus nuclei are much more fragile in buffer D than rat liver nuclei. Even larger differences may appear between species, as resting mouse liver nuclei, prepared in buffer A, contain no polymerase, whereas similarly prepared resting rat liver nuclei contain polymerase II. Consequently it seems likely that, even at this level, details of nuclear behaviour vary from species to species and even between tissues.
